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Abstract 
Greater Cochin area is rich in deposits of marine clay which has been identified as a problematic soil which undergoes long term 
settlement due to consolidation. An alternative method of consolidation by the application of vacuum pressure can be used to 
reduce the risks of staged construction of embankments and the consumption of large amount of filling materials. Consolidation 
tests were carried out on samples prepared in the consolidation cell under three different magnitudes of vacuum pressure, with 
and without the use of PVDs. The results obtained were then compared with the similar magnitudes of surcharge preloading. 
Tests were also conducted in larger specimens of soil samples, the obtained results of which were comparable with that of the 
oedometer samples. The coefficient of consolidation was found to increase by 65 % and the time for 90 % of consolidation has 
reduced by 70 %, with the use of vacuum method of consolidation. 
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1. Introduction 
The compression of saturated soil due to the expulsion of water from the voids under steady static pressure results 
in the long term settlement of structures overlying it. The major problem associated with soft clays such as marine 
clay is the consolidation settlement. Many cases of consolidation settlement of structures constructed over low lying 
areas have been reported in the Greater Cochin area. One of the most popular examples is that of the settlement 
problems encountered by the International Container Transshipment Terminal (ICTT) at Vallarpadam, for the past 
few years. Vacuum preloading can be applied when the conventional preloading is not feasible as the marine clay 
deposits are found to be too weak to take even a small height of embankment. The vacuum pump creates negative 
pressure in the drainage path. Negative pore water pressure is generated with the application of negative pressure, 
which results in increase in effective stress in the soil which ultimately leads to an accelerated consolidation. A 
nominal vacuum load of 80 kPa is normally used in design although a higher vacuum pressure of up to 90 kPa may 
be achieved sometimes.  
 
Nomenclature 
Cv Coefficient of vertical consolidation 
Ch Coefficient of radial consolidation 
t90 Time for 90 % of consolidation 
PVD       Prefabricated Vertical Drain 
 
2. Materials Used 
2.1. Marine Clay 
Disturbed samples of marine clay were collected from Panampilly Nagar, Cochin, Kerala. The samples were 
taken from a depth of 5m from the ground level and it was greyish black in colour. 
                      Table 1.Index Properties 
Properties Values 
Specific Gravity 2.63 
Liquid Limit (wl ) %  69 
Plastic Limit (wp) % 37 
Plasticity Index (Ip) % 32 
Shrinkage Limit (ws) % 12 
Maximum Dry Density (kN/m3 )  13.7 
Optimum Moisture Content, % 27 
Percentage of Clay, % 28 
Percentage of Silt, % 62.64 
Percentage of Sand, % 9.35 
Soil Classification MH 
2.2. Prefabricated Vertical Drain 
Prefabricated vertical drain with the following properties was purchased from Techfab India Industries Ltd., 
Mumbai.  
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                                                   Table  2.  Specifications of  PVD used. 
Properties Specifications 
Thickness  3.5 mm  
Width  100 mm  
Permeability  > 1.5 x 10-2 m/sec  
Tensile strength  > 1500 N  
Filter material  Polypropylene  
Filter pore size  < 0.075 mm  
 
2.3. Test Setup for Vacuum Preloading 
A test setup was fabricated in the laboratory to apply vacuum pressure. The arrangement comprised of a vacuum 
pump, drainage chamber, vacuum gauge, dial gauge, valves and pipes 
 
2.4. Tank for large scale test 
An airtight cylindrical tank of 30cm diameter and 15cm height was used for the experiment. The bottom of the tank 
was provided with grooves as that of consolidation cell for uniform distribution of water. 
 
2.5. Methodology 
A series of one dimensional consolidation tests were performed in accordance with IS 2720 Part XV. Air dried soil 
passing through 425μ sieve was taken for the study. The consolidation ring used for the tests had a height of 2cm 
and a diameter of 6 cm. The soil was filled at maximum dry density and at optimum moisture content. The selected 
sample of clay has been reported as soft clay even at OMC and dry density. After soil specimens were placed in the 
ring, and the top and bottom of the specimens were trimmed flush with the ring. Any small voids were carefully 
filled with remolded soil without disturbing the specimen. The ring and soil specimen was weighed for unit weight 
determination. Before assembling, porous stones were saturated with de-aired water, then the ring with the 
specimen; porous stones and loading cap were assembled. The consolidation ring was kept in oedometer apparatus 
and then saturated about 24 hours

2.6. Surcharge Preloading Tests 
The compressibility characteristics were studied after conducting tests on samples prepared in the consolidation cell. 
Surcharge preloading was done by applying surcharge load as increments of 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 kg/cm2. 
Each load increment was maintained constant on the specimen for 24 hours before the next increment was applied. 
After that the soil was unloaded. Again the sample was reloaded up to 6.4 kg/cm2. The dial gauge readings were 
taken in 0 sec, 15 sec, 1 min, 2.25 min, 4 min, 6.25 min, 9 min, 12.25 min, 16 min, 20.25 min, 25 min, 36 min, 49 
min, 64 min, 81 min, 100 min, 121 min, 144 min, 169 min, 196 min, 225 min, and 24 hour. The coefficient of 
consolidation, Cv were studied. The sample was prepared at known water content and density. For tests with PVD, 
sand was used as drainage layer. The sizes of the drains are made such that the ratio of zone of influence to the 
effective diameter value of PVD (n) is same for both the mould sizes. In this study the tests are done for an ‘n’ value 
of 5. For tests in consolidation ring the PVDs of 1.5 mm was used and for tests in larger mould the PVDs of 90 mm 
was used. 
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2.7. Vacuum Preloading Tests 
The specimen was prepared in the similar manner as that of surcharge preloading and was then connected to the 
vacuum line. The system includes a vacuum pump which acts as the source of vacuum pressure, a chamber to 
separate water and air, a vacuum gauge to measure the vacuum pressure applied and a dial gauge to measure the 
settlements. After saturating the specimen the top of the specimen is kept covered by means of a rubber membrane 
to make the system air tight. The vacuum pump is turned on until the required pressure of vacuum is achieved in the 
system as measured by the vacuum gauge. When the required pressure is reached the vacuum pump is turned off and 
the valve to the consolidation cell is opened. Simultaneously, the dial gauge readings are taken for the similar 
intervals of time as that of surcharge preloading. The tests were conducted for three magnitudes of pressure such as 
20 kPa, 40 kPa and 80 kPa. 
 
2.8. Tests on Larger Samples 
So as to study the effect of vacuum preloading on larger samples, vacuum preloading tests were also conducted in 
larger samples of 30 cm diameter and 10 cm height. Sand was used instead of porous stones as drainage layer. For 
tests with PVD, PVD with width 90 mm and thickness 3.5 mm was used. The settlement readings were taken in 0 
sec, 15 sec, 1 min, 2.25 min, 4 min, 6.25 min, 9 min, 12.25 min, 16 min, 20.25 min, 25 min, 36 min, 49 min, 64 min, 
81 min, 100 min, 121 min, 144 min, 169 min, 196 min, 225 min, 256 min, 289 min, 324 min and 24 hr. 
 
3. Results and Discussions 
Vacuum preloading tests were also conducted for three different magnitudes of pressure so as to determine the 
coefficient of consolidation, Cv. There was a marginal increase in the coefficient of consolidation compared to 
surcharge preloading alone. The coefficient of consolidation has increased from 0.036 cm2/min to 0.094 cm2/min 
with the increase in pressure from 20 kPa to 80 kPa. The time for 90% of consolidation has reduced marginally 
compared to the surcharge method of preloading. With the increase in pressure from 20 kPa to 80 kPa, the time for 
90% of consolidation, reduced from 20.25 minutes to 7.56 minutes. 
 
 
                                                     Fig. 1. Dial gauge reading vs. √t plot for different magnitudes of vacuum pressures without PVD 
 
From the graph, it is clearly seen that the primary consolidation is completed within lesser time as the magnitudes of 
pressure is increased. There is a faster dissipation of the pore water pressure with the application of vacuum 
pressure. 
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Table 3. Results of Preloading tests without PVD 
 
Type of 
Loading 
Applied Pressure 
(kPa) 
Coefficient of 
Consolidation, 
Cv(cm
2/min) 
Time for 90% 
Consolidation,   
t90(minutes) 
 
Surcharge 
 
 
Vacuum 
20 0.015 51.84 
40 0.021 33.06 
80 0.027 25.23 
20 0.036 20.25 
40 0.053 13.69 
80 0.094 7.56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 2. Dial gauge reading vs. Ĝt plot for different magnitudes of vacuum pressures with PVD 
 
 
Vacuum preloading using prefabricated vertical drains were conducted in oedometer apparatus. The coefficient of 
radial consolidation, Ch, time for 90 % of consolidation, t90 and the magnitude of settlement were determined for 
effective stresses of 20 kPa, 40 kPa and 80 kPa.  
 
 
                                     Table 4. Results of Preloading tests with PVD 
 
Type of Loading Applied Pressure 
 (kPa) 
Coefficient of 
Consolidation, 
Ch(cm
2/min) 
Time for  90% 
Consolidation,   
t90(minutes) 
 
Surcharge 
 
 
Vacuum 
20 0.253 38.44 
40 0.270 36.00 
80 0.289 33.64 
20 0.270 34.81 
40 0.321 30.25 
80 0.480 20.25 
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Prefabricated vertical drains increases the contact surface area for the action of vacuum pressure. Thus there is a 
faster dissipation of pore water pressure under an applied vacuum pressure while using PVDs.  
 
The coefficient of radial consolidation increased from 0.270 cm2/min to 0.480 cm2/min with an increase in effective 
stress from 20 kPa to 80 kPa. The time for 90 % of consolidation reduced from 34.81minutes to 20.25 minutes with 
increase in effective stress from 20 kPa to 80 kPa. The magnitude of settlement has increased from 0.212 mm to 
0.773 mm with increase in effective stress from 20 kPa to 80 kPa. 
 
3.1. Results of Vacuum Preloading in Larger Sample 
 
So as to investigate the effect of vacuum preloading in larger samples of soil mass, tests were conducted. The tests 
were conducted under optimum vacuum pressure of 80 kPa. For tests with PVD, the size of the drain used was of 90 
mm width and 3.5 mm thickness. 
 
For the test without PVD, the coefficient of consolidation obtained was almost similar to that obtained for 
oedometer test. This simulates the field condition whereas for the test with PVD, the obtained coefficient of 
consolidation is slightly higher than that obtained for oedometer tests. 
 
 
 
 
                                   Table 5. Results of Vacuum preloading on larger samples 
Type of Loading Applied Pressure 
 (kPa) 
Coefficient of 
Consolidation, 
Ch(cm
2/min) 
Time for  90% 
Consolidation,   
t90(minutes) 
 
Surcharge 
 
 
Vacuum 
20 0.253 38.44 
40 0.270 36.00 
80 0.289 33.64 
20 0.270 34.81 
40 0.321 30.25 
80 0.480 20.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
Fig. 3. Dial gauge reading vs. Ĝt plot for larger samples under 80 kPa 
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4. Conclusions 
 
The following conclusions were made from this study: 
 
x The Coefficient of consolidation, Cv has increased by about 60% while adopting vacuum consolidation and 
the time for 90% of consolidation has reduced by about 70% with respect to surcharge preloading method. 
x Among the two tests conducted using PVDs, vacuum method of consolidation showed better results in 
terms of time for consolidation. 
x Results of larger samples are comparable to that obtained under oedometric conditions for tests without 
PVDs and this simulates the field condition. Whereas for the test with PVD, the obtained coefficient of 
consolidation is slightly higher than that obatined for oedometer tests. 
 
Thus, vacuum preloading method can be adopted as an economical and efficient method of preloading, for Cochin 
marine clay. 
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